Abstract. Olive oil, an important component of the Mediterranean diet, is rich in polyphenols and is known to possess positive health effects relative to other dietary fats. In addition, the leaves of the olive plant (Olea europaea) contain similar phenolics (oleuropein, luteolin-7-glucoside, apigenin-7-glucoside, verbascoside and hydroxytyrosol) to those of olives and olive oil, although at higher concentrations. For example, the most abundant is the secoiridoid, oleuropein, representing 1-14% of olive leaf weight vs. 0.005-0.12% in olive oil. Although currently considered a waste product of the olive oil industry, recent research has suggested beneficial effects of phenolic-rich olive leaf extracts (OLE) in modifying cardiovascular risk biomarkers such as blood pressure, hyperglycaemia, oxidative stress and inflammation, as well as improving vascular function and lipid profiles. Despite this, data regarding the biological actions of OLE has mostly derived from animal, in vitro and ex vivo studies, with limited evidence deriving from human trials. Although the absorption and metabolism of olive oil phenolics has been investigated, less is known about the bioavailability of phenolics from OLE, limiting the interpretation of existing in vitro and ex vivo data. The current review will begin by describing the phenolic composition of olive leaves in comparison with that of the better studied olive oil. It will then review the effects of OLE on cardiovascular risk factors, covering both animal and human studies and will end by considering potential mechanisms of action.
Introduction
Epidemiological evidence has suggested that a high consumption of olive oil, a major fat component of the Mediterranean diet, is associated with a reduced risk of coronary heart disease, obesity, metabolic syndrome, type 2 diabetes, cancer and cognitive disorders [1, 2] . Indeed, such evidence has led to a health claim being permitted by the US Food and Drug Administration relating to the consumption of 2 tablespoons (23 grams) of olive oil daily and a reduction in coronary heart disease risk [1] . It was previously believed that the health benefits of olive oil consumption were solely due to its monounsaturated fatty acid (MUFA) content, particularly oleic acid [3] . However, other edible oils rich in MUFA have not always been observed to possess similar health promoting properties [4, 5] , and biological effects of various polyphenolic compounds contained in the water soluble fraction of olive oil have been reported [6] .
Polyphenols are naturally occurring secondary metabolites found ubiquitously in plants. Their functions within plants include: aiding growth and reproduction, providing defence against pathogens and insects and protecting against environmental stressors, such as UV light. In addition, they also contribute significantly to the sensory properties of fruits and vegetables and products derived from them [7] . Following the consumption of polyphenol-rich foods, absorbed polyphenols have been postulated to exert a range of biological effects within the human body, via their potential to modulate the activity of a wide range of enzymes and cell receptors [8] . As such, it is perhaps unsurprising that diets rich in polyphenols have been found to decrease the incidence of chronic diseases [9] .
Phenolic compounds consist of an aromatic ring with one or more hydroxyl groups. Over 8000 have been identified with structures ranging from simple monomeric units to complex oligomers and polymers [7] . With regards to the olive plant, a diverse range of phenolic compounds have been observed, although the most abundant and characteristic are the secoiridoid, oleuropein (the bitter compound found in olives), the simple phenols tyrosol and hydroxytyrosol (HT), the flavonoids luteolin and apigenin, and the phenolic acid verbascoside (Fig. 1 ). Secoiridoids are a group of coumarin-like compounds that are produced from the secondary metabolism of terpenes and are only present in plants of the Olearaceae family. Oleuropein is an ester of HT and elenolic acid glucoside, whilst verbascoside is a conjugated glucoside of HT and caffeic acid. Table 1 Concentration of most abundant phenolics present in olive leaves vs. olive oil. Olive oil data were derived from [11, 86, 140] and olive leaf [11, 57, [141] [142] [143] [144] [145] [146] [147] [148] [149] . n.d. denotes not detectable. Values derived from the following studies were converted to mg/kg for comparison with other data [144, 145, [148] [149] [150] . Data sets resulting from the analysis of leaves and oils from different plant species, storage conditions and extraction methods were included to illustrate the variation in composition 
Olive leaf (poly)phenolics
Olive trees (Olea europaea) grow predominantly in Mediterranean countries, where extended periods of sunlight irradiation, as well as pathogen and insect attack, require plants to synthesise high levels of polyphenols for environmental defence [10] . These phenolic compounds are stored in thick leaves and dark fruits in order to prevent degradation. The leaves contain the highest overall concentration of phenolics within the plant, and the distribution of individual (poly)phenolic compounds varies between different plant structures (for a comparison between olive leaf and olive oil see Table 1 ). In particular, olive leaves are a significantly richer source of oleuropein compared to olive oil [11] and also contain higher amounts of glycosylated flavones. However, olive oil tends to be higher in flavone aglycones, as these develop in olives during ripening and thus are predominantly present in olive oil [12] .
The phenolic composition of olive leaves varies according to plant variety, harvesting season, leaf maturity and storage conditions, and the detection of these phenolics is dependent on the extraction method, in terms of both the compounds identified and their quantities [13] . Phenolic compounds can be extracted from the leaves (after drying and milling) using various methods, including solid-liquid extraction by maceration and Soxhlet extraction using watermethanol mixes or hexane to give olive leaf extract (OLE) [14] . Numerous characterisation studies have reported a wide range of phenolic compounds to be present (Table 2) . Oleuropein is present at levels of 1-14% in olive leaves (w/w) vs. 0.005-0.12% in olive oil [15] , comprising up to 264 mg per gram of dry leaf (when expressed as tyrosol equivalents) [14] . Other components present in olive leaf include ␤-carotene, squalene, tocopherols and alkaloids [14] .
Olive leaf and its uses
Olive leaves are a waste product of olive oil production, which accumulate after the pruning and beating of olive trees for fruit removal [14] . Spain produces 6 million tonnes of olive leaves and small branches per year. This cheap raw material was previously burnt or used for animal feed. However, the health food industry has recently taken an interest in olive leaf and realised its potential as a source of beneficial olive phenolics [16] . The high in vitro antioxidant capacity of olive leaf extracts and related compounds have led to them being considered as ingredients in 'added value' pharmaceuticals, cosmetics and foods [10] . For example, oleuropein and HT are potent scavengers of superoxide and the hydroxyl radical in vitro [17] , functionality which resides in the catechol moiety of their structures. Furthermore, an enhancement of this activity via synergism with other olive leaf phenolics has also been proposed [18] . This antioxidant nature of olive leaf extracts is being utilised along with antimicrobial properties for extending the shelf life of food products, particularly by the meat industry [19] . Furthermore, a range of olive leaf products are now available for human consumption, which are marketed for general health-promoting effects. The possibility of using phenolics extracted from olive leaves to enrich edible oils [20] and table olives [21] is also being explored. The composition of OLEs in these commercial products varies, but oleuropein is the principal component, normally contributing 20-40% to the total phenolics present.
Bioavailability of olive oil/OLE phenolics
Olive oil phenolics are absorbed to varying degrees throughout the gastrointestinal tract, with relatively rapid (1-2 h) absorption occurring in the small intestine and late (2-12 h) bacterial-dependent absorption occurring in the large intestine. Furthermore, phenolics from olive oil are thought to have relatively high bioavailability compared with other polyphenols, such as flavonoids [22] . Although the absorption and metabolism of olive oil phenolics has been investigated [23] [24] [25] [26] [27] , information regarding the bioavailability of those from OLE is lacking. Whilst olive oil studies are relevant and informative, the pharmacokinetics of phenolics present in OLE must be explored independently to gain realistic insight into their absorption and metabolism, as it has been demonstrated that the excretion of HT varies depending on the delivery vehicle, with bioavailability being higher when it is administered within olive oil compared to that of yoghurt [28] or aqueous solution [29] . Furthermore, OLE contains oleuropein glycoside, whereas olive oil contains predominantly oleuropein aglycone [30] , and there is considerable uncertainty regarding the absorption of these forms in humans. Studies suggest that oleuropein aglycone is not present in human plasma or urine after olive oil consumption [12] , whilst unmodified oleuropein (i.e. with the glucose moiety intact) has been detected in rat plasma/urine [24] and human urine [12] following the ingestion of oleuropein glycoside.
To date, only one human study has been performed to examine the urinary excretion of phenolics following OLE consumption [31] . Whilst this study did not examine the precise concentrations of phenolics or their metabolites in plasma, ingestion of OLE capsules (containing 60 mg oleuropein) or a liquid extract (containing 66 mg oleuropein) led to the detection of five oleuropein glucuronides in urine up to six hours after ingestion and after chronic supplementation [31] . Along with oleuropein glucuronides, oral administration of oleuropein glycoside in rodents also resulted in urinary excretion of the parent compound, HT and HT glucuronides [24] , none of which were detected in the olive leaf bioavailability study. The lack of oleuropein degradation products measurable in urine following olive leaf ingestion suggests that oleuropein glycoside survives passage through the stomach intact, something which is supported by studies in ileostomy subjects [12] . In contrast, oleuropein aglycone appears to be partially hydrolysed by gastric juice to produce large amounts of free HT and tyrosol, which enter the small intestine [23] , although this hydrolysis may be dependent on the post-prandial status of individuals [32] .
Small intestinal metabolism
Following the consumption of extra virgin olive oil (EVOO), HT and tyrosol levels have been observed to increase in plasma and urine in a dose-dependent manner [33] . As is observed with other polyphenols, OLE phenolic compounds bearing a catechol group undergo O-methylation, sulphation and glucuronidation within enterocytes during transfer across the SI, with the proportion of the various conjugates generated varying according to the oral dose of phenolics and differences in availability of enzyme co-factors [34] . Both HT and tyrosol are O-glucuronidated [35] and HT is also O-methylated to homovanillic alcohol (HValc) via the action of the enzyme catechol-O-methyl-transferase (COMT) located within epithelial cells [36] . Ingestion of 25 mL olive oil (containing 1.2 mg HT) was found to result in a peak plasma concentration of 25 ngmL −1 of HT conjugates/metabolites, 30 minutes after intake and 4 ngmL −1 HValc conjugates after 50 minutes [37] .
Oleuropein glycoside has been reported to be absorbed poorly [25] , if at all [23] . Although these observations are based only on rat intestinal models, the polarity of the compound predicts that it would be unlikely to diffuse rapidly across lipid bilayers of epithelial cell membranes and it has been hypothesised that the small amount of oleuropein glycoside absorbed in these studies may be mediated by small intestinal, sodium-dependent glucose transporters [25] . In contrast, oleuropein aglycone may undergo a degree of small intestinal absorption due to its greater degree of lipophilicity and higher partition coefficient across membranes [38] . Indeed, results from Caco-2 monolayer experiments suggest that oleuropein aglycone and oleuropein aglycone di-aldehyde are both transferred [26] , although it should be noted that these cells do not contain the full complement of intestinal enzymes (COMT and UDP-glucuronosyl transferase are largely absent) and as such do not wholly reflect physiological conditions in vivo. Perfused rat intestinal models indicate that during transfer across the ileum, and to a greater degree across the jejunum, oleuropein aglycone undergoes both a two-electron reduction and mono-glucuronidation at two positions [23] . These reactions are considered to be a consequence of the activity of aldose reductase present in enterocytes, which reduces the carbonyl group of oleuropein aglycone. Therefore, glucuronides of reduced oleuropein aglycone and oleuropein aglycone di-aldehyde may represent major metabolites entering the portal blood from the small intestine.
Large intestinal metabolism
Kendall and colleagues report that no metabolism of OLE phenolics occurs in the colon on the basis that they failed to detect microbiota-derived metabolites in urine 12-24 hours after ingestion of OLE capsules or liquid [31] . However, this is in contrast with a study which utilised faecal bacterial batch cultures to demonstrate that oleuropein was rapidly and extensively degraded to HT and two other, unidentified metabolites [23] . Individual variations in the gut microbiota did alter the time course of oleuropein metabolism, although the action on oleuropein was similar across all three human faecal donors. It is possible that the metabolites produced by the bacteria are not subsequently absorbed, something which requires further analysis, although such metabolites may still induce beneficial actions in the body by exerting local antioxidant activity in the GI tract [39] .
Tissue levels of olive phenolics
In order to exert biological activity, it is important that absorbed compounds/metabolites reach the tissues and organs. HT administered intravenously to rats has been found to be rapidly and extensively taken up by organs and tissues, in particular renal tissues [40] . The 'depot hypothesis' states that conjugates of phenolics behave as carriers of free forms of the compounds to target tissues. Although this remains to be confirmed, if true, plasma or tissue levels may be more relevant than urinary levels [14] .
Potential health benefits of olive oil/OLE
Olive related 'medicines' have been proposed as potential treatment for a variety of illnesses including hypertension, diabetes, urinary infections, headaches, liver colic, gastroenteritis, nephritis, wounds, burns and ulcers [41] . In 1854, the first report relating to the medicinal properties of an olive leaf extract towards fever and malaria was published [42] . More recently, a wide variety of potential health benefits have been reported for both OLE, and also individual components within OLE, including hypoglycaemic [43] [44] [45] [46] , immune-stimulant [47] , anti-atherosclerotic [48] , hypotensive [49] , anti-oxidant [43] , anti-tumour [50, 51] , anti-HIV [52] , radioprotective [53, 54] , antimicrobial [55] [56] [57] [58] , neuroprotective [59, 60] , antigout [61] , analgesic [62] and anti-inflammatory [63] effects. Cardiovascular diseases (CVDs) are the biggest cause of death globally [64] and, as such, this review will only detail the effects of olive leaf phenolics on cardiovascular risk markers (for a summary of the current evidence, see Fig. 2 ). Modifiable risk factors for CVD include dyslipidaemia, hypertension, obesity and diabetes, all of which may be diet-induced [65] . Such factors are commonly assessed by measurement of blood pressure, endothelial dysfunction, arterial stiffness, plasma lipid profiles (an abnormal lipid profile is characterised by high total cholesterol (TC), low-density lipoprotein (LDL) cholesterol and triacylglyceride (TAG), and low high-density lipoprotein (HDL) cholesterol), inflammation (indicated by high circulating levels of various proteins, including CRP, ICAM-1, IL-6, IL-18), serological markers, such as fibrinogen and/or von Willebrand Factor, and markers of myocardial vulnerability, such as arrhythmia [66] . The following sections critically evaluate the in vivo evidence for the actions of olive leaf and OLE against CVD risk and pathology and examine the potential mechanisms of action of olive leaf polyphenols, the latter being based predominantly on in vitro work. 
Animal and ex vivo studies
Early experiments with the OLE component, oleuropein, indicated that it possessed hypotensive, vasodilatory, anti-arrhythmic and spasmolytic actions in animals [67] . More recent animal studies have expanded upon these observations to detail the physiological effects and the potential biological mechanisms underlying activity. For example, OLE intervention has been shown to reduce blood pressure in both hypertensive [49, 68] and normotensive [69] rats. These observations are supported by ex vivo experiments in which OLE induces a concentration-dependent decrease in systolic left ventricular pressure and heart rate and an increase in relative coronary flow in isolated, perfused rabbit hearts [70] . Voltage clamp experiments using cultured rat cardiomyocytes indicate that these effects might be mediated by the blockade of L-type Ca 2+ channels by specific OLE components, which is also proposed to underpin the vasoactive effects of HT on isolated aortic rings [71] . Oleuropein and OLE have also been observed to induce the relaxation of isolated rat aortas [72] , whereas HT has been found to protect rat aortas from a cumene hydroperoxide-induced reduction in nitric-oxide (NO) mediated relaxation (a model of oxidative stressinduced vascular dysfunction) [73] . However, the latter studies using OLE or pure compounds are likely to be un-physiological in light of the reported absorption and metabolism data. As such, further experiments using individual olive leaf polyphenols and their metabolites at physiological concentrations will be necessary to confirm these direct actions on the vascular system.
Chronic supplementation with either OLE or an olive fruit extract has been shown to protect rats against diet-induced hypercholesterolaemia: improving the lipid profile, reducing the size of aortic lesions, limiting lipid peroxidation and enhancing antioxidant defence compared to control fed animals [59, 74, 75] . In agreement with this, olive oil enriched diets induce reductions in plasma TC, TAG and LDL and liver TC [76] . These actions have been positively correlated with the phenolic content of olive oil and may be mediated by the actions of olive components on bile flow, increasing biliary cholesterol and bile acid concentrations, leading to their increased faecal excretion. Another proposed mechanism with respect to their action on lipid metabolism is the ability to decrease cholesterol biosynthesis via the actions of absorbed OLE phenolics on key cholesterol-regulatory enzymes, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase and acetyl-CoA cholesterol acyltransferase (ACAT) [77] .
Hypoglycaemic effects of OLE have been repeatedly observed in animal models of diabetes [43-45, 68, 78-80] . It has been hypothesised that oleuropein and HT act as hypoglycemants via the enhancement of the peripheral uptake of glucose and increase the expression, or activity, of antioxidant enzymes [44, 79] . One study found OLE treatment to significantly reduce starch digestion and absorption [80] . Furthermore, OLE has been shown to prevent accumulation of abdominal fat, reverse ventricular stiffness, reduce collagen deposition, reduce inflammation and fibrosis of the liver and heart, reduce portal inflammation and fat deposition, and induce a restoration of liver function and aortic reactivity [81] . In diabetic rats, OLE supplementation has also been observed to restore superoxide dismutase (SOD) and catalase activities, increase antioxidant capacity, reduce lipid oxidation and other markers of oxidative stress and reverse hypercholesterolemia [43] [44] [45] 68] .
With respect to changes in oxidative status, oleuropein (20 mg/kg of tissue) has also been shown to protect against oxidative myocardial injury induced by ischaemia-reperfusion in isolated rat hearts [82] . The suggested mechanism involves the inhibition of cardiac creatine kinase release, glutathione oxidation and lipid peroxidation, although the data may be questioned because although the doses of oleuropein are comparable to dietary intakes achievable in the Mediterranean diet, the study does not take into account its absorption and metabolism, which would significantly influence the levels to which heart tissue would be exposed in vivo. Similar effects of OLE have been reported with respect to reducing the severity of cerebral ischemia/reperfusion brain injury, suggested to involve inhibition of superoxide and NO production, a decrease in lipid peroxidation and an increase in SOD activity [60] . A reduction in the levels of various oxidative damage biomarkers have been reported in an animal model of impaired endothelial function fed a phenolic-rich olive mill waste water (OMWW) [83] , which may be mediated by the potential metal ion-chelating properties of oleuropein and other polyphenols [84] , or by the exertion of inhibitory effects on inflammatory enzymes such as lipoxygenases [85] . With respect to inflammation, a HT-rich OLE has been reported to reduce the severity of atherosclerosis in rabbits and down regulate the expression of a variety of inflammatory mediators, including MCP-1, VCAM-1, NF-κB and TNF-␣ at both the protein and mRNA level [48] .
Human studies
OLE has been declared safe for human consumption, with the LD50 for hydroxytyrosol being above 5000 mg/kg [67] . Despite this, very few human studies have been performed to assess its potential health benefits. In contrast, numerous studies using olive oil have been conducted and indicate improvements in a variety of cardiovascular risk markers, (although because of design issues it has proved difficult to distinguish the contribution of the phenolics from the actions of MUFA); for a review see [1, 86] . To address this, the effects of olive oils containing either high or low phenolic content have been utilised to provide more specific information regarding the actions of the phenolic components of the oil [87] . Nevertheless, while such studies give an indication of the bioactive role of olive leaf phenolics, the exact mixture and dose of phenolics found in olive oil is very different from that found in olive leaves; thus, separate human studies are required to fully assess OLE activity.
The anti-hypertensive and cholesterol-lowering actions of OLE have been repeatedly observed in animal studies [49, 88, 89] . Consistent with these results, the OLE preparation EFLA®943 (containing 19.9% oleuropein) has been observed to reduce systolic and diastolic blood pressure and to lower cholesterol in a clinical study carried out in 20 monozygotic adult twin pairs with mild hypertension [90] . Subsequent to this, the efficacy of the same preparation versus a standard stage-1 hypertension drug was indicated in a double blind, randomised, parallel study carried out in 148 patients [91] . The subjects consumed either 500 mg EFLA®943 twice per day (equivalent to 199 mg oleuropein) or 12.5-25 mg Captopril, with the former effective in reducing systolic and diastolic blood pressure to the same degree as Captopril, but also in improving the lipid profile. Whilst these studies present promising evidence for an antihypertensive property of OLE, additional studies using 24 hour ambulatory blood pressure, which is known to provide greater accuracy [92] would be more appropriate. The mechanisms underlying these antihypertensive effects may involve the inhibition of angiotensin converting enzyme (ACE) by oleacein (observed in vitro [93] ) and/or calcium-antagonistic activities of oleuropein (observed in animal and ex vivo studies [70, 71] ), although such activity is yet to be fully characterised in human studies.
The protective effects of chronic OLE supplementation against CVD risk have also been highlighted in further chronic supplementation studies, where 1.2 g of OLE was ingested per day for 28 days, leading to significant improvements in cholesterol status (reduced total cholesterol, decreased LDL cholesterol etc.) in hypercholesterolemic subjects [94] and 1.6 g of OLE per day for three months leading to a significant decrease in blood pressure in hypertensive patients [95] . Additional effects of olive leaf supplementation (1 g) (along with 300 g white rice) have been observed in borderline diabetics, where intake led to a significant reduction in blood glucose at 30 and 60 minutes post supplementation [78] , perhaps mediated by the inhibitory action of OLE polyphenols on intestinal and/or salivary ␣-amylases. A large recent study found that 14 weeks of 500 mg OLE supplementation significantly lowered HbAlc (glycosylated haemoglobin) and fasting plasma insulin levels in 79 type 2 diabetics [80] . No significant changes in urinary F 2␣ -isoprostanes (8-iso-PGF 2␣ ), a marker of lipid peroxidation; 8-OHdG, a measure of DNA oxidation; or total reducing capacity were observed following the intake of OLE supplementation in healthy adults [96] , although it was noted that oxidative stress may not be significant in a young healthy cohort. Previous data regarding the impact of olive phenolics on markers of oxidative stress are conflicting with some noting reductions in DNA oxidation (presumed to be due to MUFA rather than polyphenols as the reduction from refined oil was identical to medium and high phenolic oils) [97] and a reduction in the urinary excretion of 8-iso-PGF 2␣ (correlated with urinary HValc levels) [98] , and others indicating that HT-rich OMWW extract has no acute effect on urinary 8-iso-PGF 2␣ . These differing results could be attributed to the use of very different olive interventions. In addition studies may be underpowered as a consequence of the OLE phenolic bioavailability being greatly affected by genetic factors (e.g. COMT genotype) or differences in composition of gut microbiota [99] .
A small number of human studies have reported the effect of chronic olive oil consumption (as part of a prescribed Mediterranean diet) on vascular function, with improvements reported in diabetic [100] and hypercholesterolaemic [101] patients and those with the metabolic syndrome [102] . However, this evidence is difficult to interpret, as it is difficult to delineate the contribution of olive phenolics, MUFAs or other components within olive oil. More focussed studies using high and low phenolic olive oils have highlighted the beneficial effects of olive phenolics on endothelial-dependent vascular function through actions on NO bioavailability [103] . These effects also interact with the Glu298Asp eNOS polymorphism, such that endothelial dysfunction associated with the TT genotype was ameliorated after acute consumption of olive oil [104] . It has also been demonstrated that 3 month use of olive oil is associated with reduced susceptibility of LDL to oxidation and reduced uptake by macrophages [87] . These effects may be mediated by the incorporation of olive phenolics, such as tyrosol, HT, HT glucuronide, HT sulphate, tyrosol glucuronide, tyrosol sulphate and homovanillic acid sulphate into LDL particles [105, 106] , indicating that phenolic metabolites derived from olive could prevent LDL oxidation, a known key contributor to the process of atherosclerosis [107] . Consistent with this suggestion, OLE has been demonstrated to inhibit LDL oxidation in vitro [108] , although the in vitro conditions are unlikely to be physiological and this remains to be confirmed in vivo.
Potential mechanisms of action
Many of the initial investigations into the beneficial properties of olive phenolics centred on research into their potential to reduce oxidative stress [109] . Oxidative stress is well known to damage lipid membranes, proteins, and DNA [110] and has been linked to the development of many diseases, including CVD [110] . Historically, dietary-derived polyphenols were thought to act as antioxidants in vivo by direct scavenging of oxidants. However, it now seems more likely that polyphenols, including those found in olive oil and olive leaf, exert biological function through interactions with membrane receptors and/or enzymes involved in cell signalling, resulting in an indirect modification of the redox status of cells [111] . Polyphenols have been noted to affect a variety of biomarkers of oxidative stress status [112] , although the relevance of many of these to the disease is questionable [113] . The antioxidant potential of OLE has been observed in vitro [58] , with HT proposed to scavenge predominantly peroxyl radicals near membrane surfaces and oleuropein also acting on chain-propagating lipid peroxyl radicals within cell membranes [114] . Flavonoids are thought to account for 13-27% of the radical-scavenging activity of OLE with luteolin 7-Oglucoside one of the most dominant scavengers [115] . However, whilst several studies have cited antioxidant capacity as being the main mode of action of olive polyphenols in vivo, it is now thought highly unlikely that this is the major or sole mechanism for their actions in the body.
An alternative or additional potential mechanism of action is modulation of inflammation [116] . Monocyte adhesion to endothelial cells, a critical stage in early atherosclerosis, is mediated by the increased expression of endothelial leukocyte adhesion molecules such as VCAM-1, ICAM-1 and E-selectin. Studies have indicated that oleuropein aglycone, HT, tyrosol and HValc are capable of inhibiting the expression of such factors on the surface of endothelial cells in vitro [117] [118] [119] . Such modulatory effects may be mediated at the mRNA level [118] , through blocking activator protein-1 and NF-κB activation [117] , or by quenching oxidants, which themselves induce surface expression of adhesion molecules [118] . Such effects have been noted at physiological concentrations below 1 M, although at present have not taken into account the potential effects of metabolites.
Increased platelet aggregation is also associated with enhanced atherogenicity [120] . Phenolic-rich OMWW extract has been reported to inhibit platelet aggregation in vitro, by a mechanism involving inhibition of the eicosanoid pathway [63] . Furthermore, HT potently inhibited the production of leukotriene-B4 by stimulated human polymorphonuclear leukocytes in vitro [121] . Individual olive leaf phenolics have been demonstrated to exert selective inhibitory activity against leukotriene-B4 production by rat leukocytes whilst sparing the cyclooxygenase pathway of prostaglandin production, which is necessary for promoting microvascular flow and modulating the immune system [85] . The order of effectiveness was observed as HT > oleuropein > caffeic acid > tyrosol, seemingly in line with antioxidant capacity and their ability to inhibit the generation of oxidants during respiratory burst and superoxide generation by hypoxanthine/xanthine oxidase. Similarly, stimulated adherent macrophages produce less superoxide in the presence of OMWW extract and after pre-treatment [122] . In the majority of the aforementioned studies, it has been postulated that HT is likely to be the most active component due to its high antioxidant potential [83] . These findings are supported by a small human study in which five type I diabetics were fed four consecutive daily doses of HT and experienced a clinically significant reduction in plasma thromboxane-B2, an arachidonic acid metabolite which is indicative of the aggregating potential of platelets [123] . Oleuropein glycoside and caffeic acid have also been found to decrease substantially IL-1␤ production in human whole blood cultures stimulated with LPS [124] , although no modulation of TNF-␣ or IL-6 production was observed. A new class of orthodiphenols present in olive oil was also reported to suppress thromboxane A 2 , PGE 2 and TNF-␣ production by LPS-stimulated PBMCs [125] . However these compounds are formed via a reaction between HT and aldehydes and ketones during the malaxation process of olive oil production and are therefore unlikely to be present in OLE.
Another proposed mechanism of action of olive leaf phenolics relating particularly to blood pressure and platelet function is modulation of NO bioavailability. As previously mentioned, consumption of phenolicrich olive oil has been demonstrated to increase NO bioavailability, thus improving vascular function in humans [103, 104] . However, since excess production has been implicated in inflammation and cancer, homeostatic regulation of NO production is critical [126] . Oleuropein and HT have been shown to react directly with NO and its toxic derivative peroxynitrite (-OONO) [27] , an action also ascribed to tyrosol [127] . Furthermore, oleuropein increases the expression of the inducible form of NO synthase (iNOS) in mouse macrophages [47] . In addition to acting on the NO system, olive polyphenols may act on nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, which generate superoxide in the vasculature [128] and have been implicated to play a role in vascular diseases [129] [130] [131] and linked with the severity of atherosclerosis [132] and hypertension [133] .
For example, resveratrol [134, 135] , curcumin [136] , phenolic-rich red wine [137] , green and black tea extracts [138] , 3 -and 4 -O-methyl epicatechin, procyanidin B2 and (-)-epicatechin glucuronide [139] have all been observed to inhibit Nox activity and/or its expression.
It should be emphasised that the data emerging from many of the in vitro and ex vivo studies should be interpreted with caution. In particular, for ex vivo studies to accurately reflect in vivo conditions, phenolics and their metabolites must be applied to tissues at realistic, physiological concentrations. At present, the closest estimate of tissue levels is thought to be peak plasma concentrations following oral administration, likely to be in the region of low nano-molar to low micro-molar levels. One limiting factor is that the absorption and metabolism of phenolics following the ingestion of OLE is relatively unknown. As detailed above, the exposure of tissues to phenolics found within olive leaf and/or whole olive leaf extracts is un-physiological. In addition, the intake of OLE will result in a number of phenolics and metabolites reaching the tissues at various concentrations. Thus, the activity of single phenolic compounds in cell and ex vivo studies provides only limited information on the full biological potential of OLE efficacy in vivo, and potential synergistic effects may be overlooked. Thus, further ex vivo work is required to confirm whether some of the reported effects above are physiologically relevant. The same degree of caution should also be applied to the interpretation of animal studies, primarily due to the potential differences in absorption and metabolic activity between animals and humans. As such, there is a clear need for well-designed, controlled human studies.
Future perspectives
As previously mentioned, there is a distinct lack of good quality human data regarding the biological effects of olive leaf consumption, including the establishment of bioavailability. To date, only the urinary metabolites of OLE have been measured after its consumption. It is essential that future studies examine plasma, urine and faeces for the presence of phenolics in order to fully elucidate the bioavailability OLE (poly)phenols and provide information regarding the potential bioactive metabolites. Furthermore, how the absorption and metabolism of OLE phenolics is influenced by OLE dose, the delivery matrix (e.g. liquid, capsules, foods), nutrient-nutrient interactions/postprandial status and various individual differences, such as genotype, age and gender would allow for a more accurate assessment of the physiological effects of OLE in humans.
As this review has illustrated, OLE can have a relatively widespread effect on cardiovascular risk markers, including on blood pressure, glycaemic status, lipid profile and inflammatory oxidative status. However, there are still a relatively small number of human studies indicating hypoglycaemic, lipid and blood pressure lowering effects. Furthermore, the mechanisms by which OLE induces such effects remain to be elucidated. Measurement of circulating nitric oxide metabolites (NOx, such as nitrate, nitrite and nitrosothiols) may provide an insight into whether absorbed OLE phenolics enhance nitric oxide bioavailability, perhaps through an enhancement of NO production or via an inhibition of endothelial NADPH oxidase. Further mechanistic insights into the effects of OLE on vascular function may come through the measurement of inflammatory mediators, such as cytokines and CRP, markers of platelet aggregation and LDL oxidation. With respect to in vitro or ex vivo studies of mechanism, future studies must use compounds and/or metabolites in physiologically relevant concentrations and in the correct proportions that would reach tissues in vivo.
Considering that humans are in the postprandial state for most of the day, the influence of OLE on physiology under postprandial conditions seems very relevant. Such data would reveal the impact of OLE on 'real life' postprandial markers of inflammatory cytokine release, glucose and lipid profiles and arterial stiffness, following a typical high fat and/or carbohydrate meal. Of course, further chronic supplementation studies are also necessary, especially in relation to blood pressure, and such studies will generate valuable data regarding the potential of OLE to benefit individuals suffering from chronic inflammation such as obese patients, an increasingly significant problem in the current health climate.
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